P
aratuberculosis, or Johne's disease, is caused by Mycobacterium avium subsp. paratuberculosis and is an important bacterial infection in the dairy industry. In an infected herd, the disease may cause a decrease in milk production, chronic diarrhea, and weight loss despite good appetite in infected cows (1) .
The generally accepted transmission route of paratuberculosis in cattle is the fecal-oral route. Transmission does occur by ingestion of M. avium subsp. paratuberculosis-contaminated milk, water, and feed products, as well as uptake from the environment (2) . Since M. avium subsp. paratuberculosis can be identified in mammary gland tissues and milk may become contaminated during milking, milk and colostrum can contain the pathogen and cause transmission from adult cows to susceptible calves (3) . Shedding of M. avium subsp. paratuberculosis in colostrum was found to be higher than in milk (4) . However, in a recent study, no increased infection risk for calves fed M. avium subsp. paratuberculosis-positive colostrum compared to calves fed M. avium subsp. paratuberculosis-negative colostrum could be identified (5) . This might be due to the fact that it is difficult to prevent the exposure of calves to environmental transmission routes after colostrum administration. In addition, intrauterine transmission of M. avium subsp. paratuberculosis, which is called vertical transmission (6, 7) , was reported to occur frequently enough to hamper control programs (8) . Further studies identified calf-to-calf transmission as the horizontal-transmission route (9) . It was shown recently that dust in dairy barns contains viable M. avium subsp. paratuberculosis and that under experimental conditions the respiratory tract can act as a portal of entry, leading to intestinal M. avium subsp.
paratuberculosis infection as well, suggesting that dust uptake is an additional route of transmission (10) (11) (12) . Due to the long incubation time of paratuberculosis, it is difficult to quantify the effect of each route on M. avium subsp. paratuberculosis transmission.
After infection, Johne's disease can be divided into three stages. Stage 1, shortly after infection of a young animal, is a long latent stage without detectable M. avium subsp. paratuberculosis excretion and humoral response (13) . Detection of infection by fecalantigen detection and serum or milk antibody enzyme-linked immunosorbent assay (ELISA) is often possible in the second stage, 2 to 5 years after the initial infection, when infected cows start shedding M. avium subsp. paratuberculosis into the environment and develop a humoral immune response that is also detectable in milk. Which of the two events occurs first is not clear. Animals develop clinical signs of Johne's disease in the third stage, with detectable humoral responses and high shedding of M. avium subsp. paratuberculosis. Therefore, infected animals in stage 1 probably contribute only slightly to bacterial transmission and contamination of the environment compared to those in stages 2 and 3.
Regular fecal cultures probably give the most accurate information about the level of M. avium subsp. paratuberculosis shedding by an individual animal, but unfortunately, it is an expensive and time-and labor-consuming method. ELISA of milk is less expensive and much quicker and therefore is often used routinely to determine the M. avium subsp. paratuberculosis infection status of cows and herds (14) . Since a positive correlation between fecal shedding and a positive M. avium subsp. paratuberculosis ELISA outcome in animals in infection stage 2 or 3 has been reported, an ELISA of milk for M. avium subsp. paratuberculosis-specific antibody can be used as a less costly and time-consuming proxy for fecal shedding and therefore for the contribution to environmental contamination (15, 16) . M. avium subsp. paratuberculosis is present in the environment in manure storage areas, shared alleyways, soils, and lagoon samples from dairy barns (17) (18) (19) . Previous studies also found that M. avium subsp. paratuberculosis can survive in manure storage areas and remain in pasture soil for more than 200 days after the removal of M. avium subsp. paratuberculosis-infected animals (20) (21) (22) . Furthermore, in commercial dairy herds containing animals with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA, M. avium subsp. paratuberculosis-positive dust samples were detected (11) . However, there is limited information on the dynamics of M. avium subsp. paratuberculosis-positive dust in the environment of dairy herds.
The main objective of this longitudinal study on commercial dairy farms was to study the relationship between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA and the presence of M. avium subsp. paratuberculosis in settled-dust samples, including their temporal relationship. It was hypothesized that the presence of more positive cows tested by ELISA of milk for M. avium subsp. paratuberculosis-specific antibody would generally lead to more settled-dust samples containing viable M. avium subsp. paratuberculosis. However, the start of M. avium subsp. paratuberculosis shedding by cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA and the time needed for dust formation likely both influence this temporal relationship.
MATERIALS AND METHODS
Farms. Eight farms with a known M. avium subsp. paratuberculosis history were enrolled in this study. All the farms were situated in the northern part of The Netherlands. Paratuberculosis status was identified by using the data from the Intensive Paratuberculosis Program (n ϭ 3) or the Bulk Milk Quality Assurance Program (BMQAP) (n ϭ 5) (23, 24) . All farms were categorized as high M. avium subsp. paratuberculosis prevalence farms according to the results from both of the above-mentioned programs. Information about the farm layout and basic farm characteristics was collected. The farms were visited every 4 weeks for a 2-year period in order to collect dust and milk samples in parallel.
Milk samples. Test day (TD) milk samples were collected routinely by CRV (Arnhem, The Netherlands), transported to the Faculty of Veterinary Medicine (Utrecht University, Utrecht, The Netherlands), and stored at Ϫ20°C until they were processed, with a maximum of 3 weeks. The Pourquier ELISA (IDEXX Europe B.V., Hoofddorp, The Netherlands) was performed according to the manufacturer's manual. To determine the number of animals positive by ELISA of milk for M. avium subsp. paratuberculosis-specific antibody, a sample-to-positive (S/P) ratio of 40 was used as a cutoff value. Dust samples. Dust samples were collected by using electrostatic dust collectors (EDCs) consisting of electrostatic microfiber wipes (Zeeman, Alphen a/d Rijn, The Netherlands) that were replaced in the same week as TD milk sampling (10) . EDCs were attached to metal holders, which were installed at six fixed locations in the housing for dairy cattle and young stock. Sampling locations were chosen at 2-m height to ensure only settled dust was collected, destruction by cows was prevented, and interference with routine management actions of the farmers was avoided. Dust preparation before analysis was performed as described previously, and M. avium subsp. paratuberculosis detection was performed using a liquid culture technique, according to the protocol for para-JEM automated M. avium subsp. paratuberculosis culturing provided by Trek Diagnostic Systems (Cleveland, OH, USA) (10). All samples were incubated for 42 days regardless of whether they showed a positive signal before day 42 and were tested by IS900 real-time PCR after 42 days to confirm the presence of M. avium subsp. paratuberculosis. Samples were designated "viable M. avium subsp. paratuberculosis positive" if the PCR showed a positive signal with a specific melting peak (10) .
Statistical analysis. Descriptive statistics explaining the characteristics of farms participating in this study were performed with the SPSS statistical software package (version 20). Further statistical analyses were performed using the R statistical software package (version 2.15.2, 2012; R Development Core Team). To explain the relationship between the presence of M. avium subsp. paratuberculosis in dust samples and the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody, a logistic regression for grouped data was performed based on the following equation: EDCs positive for viable M. avium subsp. paratuberculosis were grouped per TD within a farm and showed a binomial distribution. Only EDCs placed in barns with dry and lactating dairy cows were included as a dependent variable (EDC in ). One farm (farm 6) moved to a new location during the study and was split into two different farms (Tables 1 and 2 ). Variables b 0 and b 1 represent a random farm and a random time within the variable farm. Akaike's information criterion (AIC) was used to determine the best-fitting model (25) . An odds ratio (OR) was calculated as exponentiation of ␤ from the models (26) .
To study the temporal relationship between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA and the number of settled-dust samples positive for viable M. avium subsp. paratuberculosis, the analysis was also performed with a time lag for ELISA-positive cows. The number of ELISA-positive cows was shifted forward and backward in time compared to the EDC observation. This procedure was done to test if it was possible to identify whether cows start contributing to environmental M. avium subsp. paratuberculosis contamination before or after becoming ELISA positive. Dust sample results were linked to the ELISA outcomes of a previous or future TD, as shown in Fig. 1 in five separate models. The default model was rerun on sub-data sets with equal observations in order to be able to compare AIC values among the 5 models (see Table 4 ). A model was considered to fit the data better if it had a lower AIC value (an AIC difference of Ն2).
RESULTS

Dairy farm characteristics.
Dairy barn floor plans and the number of separate buildings differed between the farms. On two farms, all age groups were housed within one barn. On six farms, young stock and dairy cows were housed in different buildings; however, two of those farms had the youngest age group housed in the same barn as dairy cows, whereas only the older young stock (Ͼ2 weeks old) were housed separately. During the summer period, five farms kept their dairy cattle inside, whereas the other three farmers let their cows graze outside in the daytime.
One farm moved halfway through the study to a different location, housing the lactating cows in a new barn. Dry cows and young stock were housed in one building at the new location; however, the building was not newly built. The separations between groups of animals were comparable in the two locations.
Farm characteristics and the basic data from test results are summarized in Table 1 . Herd sizes varied between 97 and 153 adult cows, with the 305-day milk production varying between 7,028 and 10,354 kg/cow.
Details on the number of ED complements in various farm buildings (EDC in , in the same building as the adult cattle; EDC out , in a building with young stock only) and the numbers of viable M. avium subsp. paratuberculosis-positive EDCs in various farm buildings are provided in Table 2 .
Correlation between the results of ELISA of milk for M. avium subsp. paratuberculosis-specific antibody and viable M. avium subsp. paratuberculosis in dust. The results of longitudinal ELISA of milk for M. avium subsp. paratuberculosis-specific antibody (the number of positive cows) and viable M. avium subsp. paratuberculosis dust (the number of positive EDCs) are shown in Fig. 2a to h. Almost all EDCs containing viable M. avium subsp. paratuberculosis were found in barns where adult dairy cattle were housed (EDC in ). However, in all but one farm, EDCs in housing for young stock were found to be positive at least once during the sampling period, although they were located in separate buildings where no adult dairy cows were present. Farms 6 and 8 had a low incidence of viable M. avium subsp. paratuberculosis-positive EDCs and a low number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA. After the movement of farm 6, EDCs both within the same airspace as the adult dairy cattle (EDC in ) and in the separate youngstock barn (EDC out ) were negative.
The season did not have an effect on the relationship between the number of ELISA-positive cows and the number of positive EDCs placed in the same airspace.
The grazing period (in farms 4, 5, and 8) also did not positively influence the model. Based on the AIC, the variable "season" was removed. The final generalized linear mixed models of the five hypotheses are shown in Table 3 .
The results of the models testing the different time relationships showed that the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA per TD was positively related to the outcome "number of viable M. avium subsp. paratuberculosis-positive EDCs inside the dairy barn detected per TD" (Table 3) . In all hypotheses, this explanatory variable was highly significant (P Ͻ 0.001), with ORs of approximately 1.2 for all models.
Shifting the variable "number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA" in time did not change the OR of the number of EDCs inside the dairy barn positive for viable M. avium subsp. paratuberculosis detected per TD substantially. The variable "'total cows in milk" showed an OR for each hypothesis slightly above 1. Shifting ELISA results back in time led to an insignificant result for the latter variable in hypotheses 2 and 3. For models 4 and 5, with ELISA results shifted forward in time, the variable "total cows in milk" remained significant, with an OR similar to that of model 1. Interestingly, three out of four shifted models had a higher AIC value than model 1; the exception was model 4, in which dust samples were linked to the ELISA-positive cows of a TD 4 weeks later (Table 4) .
DISCUSSION
Since earlier studies showed that the presence of M. avium subsp. paratuberculosis in environmental samples can be useful to estimate the herd prevalence, it was hypothesized that a similar association exists between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA in a herd and the presence of viable M. avium subsp. paratuberculosis in settled dust (17, 18, 27, 28) . Therefore, the association between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA in a herd and the presence of viable M. avium subsp. paratuberculosis in settled dust was studied for a 2-year period. Descriptive statistical analysis of the current study indicated that most positive dust collectors shared the same indoor airspace with adult cattle. Therefore, the data support the idea that there is a relationship between the presence of cows shedding M. avium subsp. paratuberculosis and EDCs positive for viable M. avium subsp. paratuberculosis when they are located in the same indoor airspace as adult cattle. However, some farms with separately housed young stock sporadically had viable M. avium subsp. paratuberculosis-positive EDCs even inside the separate barns, but much less frequently than inside dairy herd barns. This suggests that when calves are housed separately but in the same airspace and sharing the same environment, they are not shielded from airborne contact with M. avium subsp. paratuberculosis, which disperses inside the barn, as shown previously, and transmission might occur even though animals are not in close contact (10, 11, 29) . The number of ELISA-positive cows detected in farms throughout varied the study (2a to h), because the Dutch Milk Quality Assurance Program started during the sampling period (24) . Removal of ELISA-positive animals from a herd is thought to result in a decrease in M. avium subsp. paratuberculosis shedding into the environment, because of the positive correlation of antibody titers and fecal shedding in infected cows (15, 16) . This concept is incorporated in Johne's disease control programs, as well (30, 31) . However, in this study, no such direct effect was observed. In a previous study on dust in housing for cattle, lower dust concentrations were detected during the night than during the day, which was correlated with the activity patterns of the animals (32). A similar pattern was expected to be observed during grazing season in this study. Since the total dust production was not measured, no effect of grazing could be determined. However, a change in EDCs positive for viable M. avium subsp. paratuberculosis was not detected in that period, which might be because cows on only 3 out of 8 farms were grazing outside during daytime. Furthermore, on those three farms, the cows were kept inside the barn during milking and at night, giving them several hours to create and circulate dust inside the barn due to their movement even during grazing season, reducing the effect.
It was hypothesized that a higher number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA in a dairy barn leads to a higher number of EDCs positive for viable M. avium subsp. paratuberculosis. The model results confirmed a positive relationship between the two parameters when EDCs were placed in the same airspace as adult dairy cattle. Moreover, herd size (incorporated in the model as "total cows in milk at TD") also had a similar positive relationship to EDCs positive for M. avium subsp. paratuberculosis, as was shown in previous studies where herd size was positively correlated with seroprevalence in dairy farms (33, 34) . Comparison of AIC values between model 1 and the other models did not indicate that there is a strong temporal relationship between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA and the presence of viable M. avium subsp. paratuberculosis on EDCs (Table 4) . This was also indicated by the stable OR estimates (Table 3) .
Since this study was conducted over a 2-year period, seasonality was examined but was not determined to have any relationship with the presence of viable M. avium subsp. paratuberculosis in dust. The sensitivity of the ELISA for M. avium subsp. paratuberculosis-specific antibody is not higher than 45%, which indicates that not all cows shedding M. avium subsp. paratuberculosis into the environment were identified by the test (14) . In addition, dry dairy cows could not be tested by ELISA of milk samples for M. avium subsp. paratuberculosis-specific antibody in this study but could still shed M. avium subsp. paratuberculosis during the dry period. ELISA of serum could have been utilized for all cows or only dry cows, but the sensitivity of the test does not differ substantially from that of tests of milk samples, which would still mean that cows shedding M. avium subsp. paratuberculosis would be missed (14) . Both the test characteristics and animal selection lead to an underestimation of M. avium subsp. paratuberculosispositive cows.
In this study, the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA showed a positive relationship (OR, 1.2) with the odds of viable M. avium subsp. paratuberculosis in settled-dust samples, indicating that culling of M. avium subsp. paratuberculosis-positive cows reduces the levels of dust positive for M. avium subsp. paratuberculosis.
However, removal of adult cows with milk positive for M. avium subsp. paratuberculosis-specific antibody did not directly result in a decrease in the presence of M. avium subsp. paratuberculosis in dust samples collected in the environment. These data suggest that control measures to reduce contamination of the environment, like culling of detectable infected animals and purchasing substitute animals from farms known to be free of M. avium subsp. paratuberculosis infection, might have a substantial delayed effect on environmental M. avium subsp. paratuberculosis presence, likely because of a saturated environment in farms where M. avium subsp. paratuberculosis infection is endemic (35) (36) (37) . In addition, separation of calves from adult cattle but within the same airspace seems not to be effective in preventing contact with and uptake of settled dust with viable M. avium subsp. paratuberculosis via exploration of the environment or via respiration of calves. Although the latter route has been shown to be effective only under experimental conditions so far, it should be taken into account when advising farmers about M. avium subsp. paratuberculosis control measures (12) . Housing young stock in a different barn than dairy cows reduces exposure to dust positive for M. avium subsp. paratuberculosis and at the same time may enhance the efficacy of other M. avium subsp. paratuberculosis infection management measures, because the risk of accidental contact with infectious material is further decreased. However, due to the limited knowledge about the contributions of different transmission routes to M. avium subsp. paratuberculosis infection in a dairy herd, it is difficult to quantify the effect on M. avium subsp. paratuberculosis infection when exposure to infective dust is reduced.
In conclusion, a positive relationship was found between the number of cows with milk positive for M. avium subsp. paratuberculosis-specific antibody by ELISA and dust samples positive for viable M. avium subsp. paratuberculosis on commercial dairy farms. This relationship remained the same for accumulated dust 
